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A method for the preparation of pure amorphous@epowder with particle size

of 25 nm is reported in this article. Pure amorphousUzecan be simply synthesized

by the sonication of neat Fe(COJr its solution in decalin under an air atmosphere.
The FeO; nanoparticles are converted to crystalling@®gnanoparticles when heated
to 420°C under vacuum or when heated to the same temperature under a nitrogen
atmosphere. The crystalline &, nanoparticles were characterized by x-ray diffraction
and Mdssbauer spectroscopy. The,Bg amorphous nanoparticles were examined by
Transmission Electron Micrography (TEM), Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), and Quantum Design SQUID magnetization meas-
urements. The magnetization of pure amorphougOEk@&t room temperature is very low
(<1.5 emu/g) and it crystallizes at 268C.

I. INTRODUCTION successfully prepared. Suslick and his co-workers have
reported the preparation of amorphous itdamorphous

Amorphous metal oxides have many important a
P y Imp IOcobalt, and amorphous Fgo alloy}® as well as amor-

plications, including that in the fields of solar-energy h Vbd bidé all q havi
transformation, magnetic storage media, electronics, ang’0US Mmolybdenum carbiae,all as powders nhaving
catalysisi> Amorphous metal oxides can be prepareo|nanometer size particles. Thege amorphous compou_nds
by rapidly quenching the molten mixture of metal oxidesVeré Prepared by sonochemical means. The cooling
and a glass former, such as@®, V,0s, Bi,Os, SO, rates obtained during the cavitational collapse, which is
and CaC:6-2 or by thermal deco’mposit’ion of some eas-the most important event in the sonochemical process,

ily decomposed metal compountf Amorphous metal &€ estimated to be greater thanx 10° K/s and may
oxide thin films on a substrate can be prepared b€ @S large ad0" K/s. The magnetic properties of

means of ion beam sputtering, electron beam evapd€ @morphous Ei)ron nanoparticles were also studied by
ration, and thermal evaporatioh.So far, only a few Suslick’s group’® Following Suslick we have recently
amorphous metal oxides, such as@y; V,0s, MnO, been able to demonstrate that the size of the amorphous

and PbQ powders, have been prepared by means offon nanoparticles can be controlldWe have also

thermal decompositioh? but it is difficult to control ~Sonicated Ni(CQ)and obtained amorphous Niln thish
their purities. Other amorphous metal oxides are usuallp2PET W€ report on our success in preparing amorphous

in the form of hydrous oxide3!! The cooling rates that &Os Using sonochemical methods.

are generally required for the preparation of amorphous

metals are 10-10 K/s. Since the thermal conductivi- !I' EXPERIMENTAL

ties of metal oxides are usually much lower than those  The preparation of pure amorphous,Bg is sim-

of the metals, faster cooling rates are needed to prepaikar to that of amorphous iron; namely, pure Fe(gO)
amorphous metal oxides. This is the reason that glas@ldrich), or its solution in decalin (Fluka), is irradiated
formers, whose purpose is preventing crystallization, argvith a high intensity ultrasonic horn (Ti-horn, 20 kHz)
added if the quenching method is applied. No pureunder 1.5 atm of air at 0C for 3 h. The product is
amorphous iron oxide has ever been reported as beingashed thoroughly with dry pentane. This method is
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found to yield exclusively F€s, while the other two is heated to 420C in air. We have also added to this
methods, using ©instead of air, or washing the product figure the pattern measured for commercial crystalline
in an inert glovebox, leave unreacted amorphous irorre;0,. The conversion of s to F&O, by heating the

as a product. The best method is therefore the one iamorphous sample in nitrogen and in vacuum is to be
which the entire preparative procedure is carried oukexpected, since it has been reported to occur in vacuum at

under normal air atmosphere. 250 °C.*® The heating in air is avoiding the conversion to
Fe;O,4 because the oxygen pressure shifts the equilibrium
Ill. RESULTS toward the reactants. The XRD is measured on a Model-

: . . 2028 (Rigaku) diffractometer. The assignment is based
Elemental analysis by EDX (Energy Dispersive X on comparison to the ASTM cards.

ray Spectroscopy) shows that the resulting black powde N ) -

contains only the elements Fe, O, and a trace of The Mdssbauer spectra (M.S) IS presented_ in Fig. 2.
(estimated<2%). Conventional elemental analysis gave;t;x?zcng;ﬁ;triii sa;gegt:?g)ﬁeltjsrm%ﬁ%eclc\)/lnsv (?,\rgs?:(lmc_on—
a molar ratio of O:Fe ranging from 1.5:1 to 2:1. itored with a 20 mCi?’Co : Rh source, and the spectra

The higher ratio is due to the strong adsorption of least fitted with ¢ b tra. Fi
oxygen on the resulting nanoparticles. To determind'c'€ '€ast-square hitted with one or two subspectra. Fig-

whether anyFe*? ions exist in the product, we have ure 2 d.isplays the MS spectra (.)f amorphougCE:eand

performed thea, a'-phenanthroline spot te&t. This crys_talllne FgO, which is obtained after heating the
test gave a negative result for the amorphous powde%on'c.atled prtO(Ijl_uct toF4ng andetrhvacuum,hand com-
which is the sonication product, while positive resultsMercid! crystalinéy —F&ts. -or the amorphous sam-

are obtained for commercial K, as well as FeO. In ple, the central part of the spectrum exhibits only a

Fig. 1 we present the XRD patterns of (i) amorphousbroad doublet, which indicates clearly that no long-range

Fe,0s, (ii) crystalline FgO, which is obtained when the magnetic or_dering exists. The main infqrmation obtained
amorr;hous F©; is heated in nitrogen to 42 for 1 h from both visual and computer analysis is the presence

(the same pattern is obtained when the amorphop®4¢e
is heated to 420C under vacuum), and (iii) crystalline
v—F&0; which is obtained when the amorphous sample
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FIG. 1. XRD patterns of (1) amorphous &, (2) crystalline FgO,
obtained by heating the amorphous,Bg sample to 420C in
nitrogen, (3) crystalline F£3; obtained by heating the amorphous FIG. 2. M&ssbauer spectra of crystallije- FeO3, amorphous F£3
sample to 420C, and (4) commercial E©®,. (*) Please note that (amorph.), and crystalline E®; (CR), obtained by heating the
these peaks should not appear in the spectrum if tg®Fs of high amorphous Fg3 to 420°C in vacuum. The spectra were measured
purity. at room temperature.

Velocity (mm/s)
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of two or three quadrupole doublets, corresponding tc
nonequivalent Fe sites in the amorphous material. Arti
ficially, the doublet was fitted with one subspectra, with
the following hyperfine parameters: isomer sliif§) =
0.42(1) (relative to iron metal) and quadrupole splitting
A = eqQ/2 = 0.93(1), and a linewidth of’0(1) mm/s.
The MS spectrum of the crystalline 8y reveals
hyperfine magnetic splitting, which is clear evidence for
long-range magnetic ordering at low temperatures. It als
provides an unequivocal identification of the product
obtained from the heating of the amorphous®g£as
Fe;0,4. The interpretation of the spectrum is based on the
well-established site assignment of;BPg (magnetite).

In this structure théFe ™ ions reside in the octahedral *

site (B site), whereas Pe*? ions are distributed over
the tetrahedral (A site) and B sites. This spectrum is
fitted with two sextets, and the hyperfine parameters ar
as follows. For the most intense subspectrum, whos
intensity is 65% of the spectral area, which corre-
sponds to theFe*? ions, the magnetic hyperfine field
is Heir = 457(2) kOe, andIS = 0.70(1) mm/s. For the
sextet which is attributed t&Fe™? H.; = 485(2) kOe,
andIS 0.17(1) mm/s. The fast electron-transfer process
(electron hopping) between the Fe ions produces -
completely averaged spectrum from these ions, which d
not show a quadrupole effect. The recorded data are i
good agreement with well-known hyperfine parameters
for Fe;0,.2°

For the sake of comparison, the MS pfFe 05 is
also shown in Fig. 2. The fit of this spectrum vyields the
following parametersiS = 0.24(1) mm/s and H.;; =
520(1) kOe, and the effective quadrupole splitting is
—0.20(1) mm/s.

Figure 3 depicts the TEM picture of amorphous
Fe,O; powder. There is no evidence for a crystalline
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FIG. 3. A TEM picture of amorphous E©s.

formation in this powder. The amorphous,Bg is an
agglomerate of small particles with diameters of about
25 nm. Most of these particles are aggregated in ¢
spongelike form, and therefore it is difficult to determine
precisely the diameter of the individual particle. The
mean size of the aggregates is abo9® = 50 nm, as
determined by means of submicron particle size analysi:
(COULTER Model N4).

Figure 4 displays the DSC of amorphous,Be
The large exothermic peak at 268 is attributed to
the crystallization of the amorphous J&&. A similar
exothermic peak is detected for the crystallization of the
amorphous iron at 310C.12 The heat of the transition

from the amorphous state to the crystalline state is aborg
20 k¥mole.

In Fig. 5 we present the TGA of amorphous,Be,
as well as two other samples of & (a commercial
sample, and a second sample which is the result of

Temperature(°C)

FIG. 4. DSC curves of (1) amorphous J&& and (2) crystalline
e;04, obtained by heating the amorphous sample to 420n

heating_ FQQS to 900°C in nitmg?n), m_easured iN @ nitrogen. The heating rate is 10/Kin. Nitrogen of high purity is
magnetic field. The sharp drop in weight (or force)flown through the system during the measurement.
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FIG. 6. Magnetization loops of (1) amorphous,Bg and (2) com-
3 mercial y —F&0;3. All the data are recorded at room temperature.
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the magnetizatioM of amorphous F£; at an external
0 100 200 300 400 500 600 700 800 900 field of 1.5 T are 25 G and 1.44 enfmy respectively. For
Temperature (°C) the commercial crystalline F®;, we find H, = 340 G

FIG. 5. TGA curves in an external magnetic field of (1) amorphousand M= 1.7 emu/g. It is important to note that we
Fe0s, (2) crystalline FeO; obtained by heating the amorphous could not detect a saturation of the magnetization as

sample to 900C in nitrogen, and (3) commercial F@,. The heating & function of the field or a hysteresis for the amor-
rate is 10 Kmin, in high purity nitrogen. phous FgOs;. The crystalline FgO; shows, however, a
distinctive hysteresis. This provides additional evidence
that we are dealing with a superparamagnetic material.
at 575°C is due to the Curie temperature of 88  Moreover, at room temperature and a magnetic field
The peak observed for the & samples at 480C  sweep rate of 35 @, our sample is still above the
can also be detected in the amorphous(zespectrum  plocking temperature; the compound is not in the spin-
at the same temperature. This is in accordance witiglass regime. For these reasons, we conclude that our
our findings that the R©; is decomposed to E®;  sample consists of nanoparticles small enough to exhibit
in nitrogen at 420°C (or at even lower temperatures). a superparamagnetic behavior. The magnetic behavior
The TGA measurements were carried out under nitrogersf amorphous F&s is similar to that of amorphous
and despite a 10 Knin heating rate, the material is Bj;Fe;0,,, which is known to be superparamagnétic.
partly decomposed at 48€ and reveals a peak at This is related to the particles’ small size and their being
this temperature. The general loss of weight, which issingle domain and superparamagnétic.
observed in the amorphous J&& spectrum over a wide
temperature range, is due to its conversion tgdze
Figure 6 presents the magnetization loop of amorACKNOWLEDGMENTS
phous FeOs;. The magnetization of ferromagnetic mate- This research was supported by Grant No. 94-
rials is very sensitive to the microstructure of a particular00230 from the US-Israel Binational Science Foundation
sample. If a specimen consists of small particles, itBSF), Jerusalem, Israel. Dr. Yu. Koltypin thanks
total magnetization decreases with particle size, du¢he Ministry of Absorption, The Center for Absorp-
to increasing dispersion on the exchange integfrat. tion in Sciences, for its financial support. Professor
finally reaches the superparamagnetic state, when ea¢h Gedanken is grateful for the Bar-llan Research
particle acts as a “spin” with suppressed exchange intefAuthorities for supporting this project.
action between the particles. A theoretical description We thank Professor Y. Yeshurun for helpful dis-
of the magnetic behavior of materials consisting ofcussions and for making the facilities of the National
interacting nanoparticles has already been repdfted.Center for Magnetic Measurements at the Department
Thus, we expect to observe a difference between thef Physics, Bar-llan University available for this study.
magnetization of commercial F®; crystalline pow- The study of the magnetic properties was supported by
der and the amorphous sample. In fact, Fig. 6 clearlyhe Israel Science Foundation administered by the Israeli
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